We have investigated the processing of transcripts of the split gene COB in yeast mitochondrial DNA from cells whose mitochondrial translation was blocked by chloramphenicol for several generations of cell growth. First analysis of transcripts by electrophoresis and RNA/DNA-hybridization clearly showed that cell growth in the presence of CAP leads to an inhibition of processing yielding an increasing amount of splicing intermediates of the COB transcript and decreasing amounts of the 18S mRNA coding for apocytochrome b. This observation is in accordance with the now widely favoured idea that mitochondrial proteins are involved in splicing of COB transcripts and that their reduction should hamper processing and -therefore -lead to an accumulation of pre-mRNAs. However, further information obtained by pulse-labeling of pre-mRNA in vivo in the presence of CAP for various times shows that even 30 minutes after addition of CAP a reduction of the processing rate is obtained. Based on these findings we conclude that maturation of mtRNAs is not only dependent on mitochondrial proteins, but also on a more direct interaction of the translation machinery and RNA processing whose nature is so far unknown.
INTRODUCTION
Split genes in yeast mitochondria have been reported to contain long open reading frames in some of their introns (1, 2, 3, 4) . Translation of such sequences has been shown to occur on mitochondrial ribosomes at least in case of one of these genes coding for apocytochrome b (and called COB or BOX) (5, 6) . Mutations in these intron sequences render RNA splicing defective (7, 8, 9, 10) . Through studies of these mutants considerable evidence has been accumulated for a model, first
proposed by Slonimski and co-workers (3, 11) , stating that intron encoded products function as maturases in the mitochondrial RNA (mtRNA) splicing. This model predicts that translation of intron sequences occurs on splicing intermediates by reading through exons into intron sequences. By promoting intron excision the maturase thus formed destroys its 'messenger 1 ; due to this autoregulation only minute concentrations of the maturase will be present in the cell.
We set out to study the effect that inhibition of mitochondrial translation has on RNA splicing, hoping to get further information on the model of intron encoded maturases. Growth of yeast cells in the presence of chloramphenicol, a selective inhibitor of translocation on mitochondrial ribosomes (12) , is shown to inhibit maturation of split gene transcripts. The splicing steps blocked by CAP treatment involve maturase functions; however, time course and extent of splicing arrest appear not to be accounted for by shortage in maturase due to translation inhibition but by an immediate effect of chloramphenicol-blocked ribosomes on RNA splicing. We discuss the possibility of a link between the translation process and the maturation of split gene transcripts in mitochondria.
MATERIALS AND METHODS
Yeast strains and growth conditions: Wild type yeast strains used were 777-3A and KL 14-4A ('long genome') and D273-10B ('short genome') (1,3). The rho" clone dD22 was derived from strain RM511-4A ('long genome') (13). All strains were grown at 23°C in yeast/galactose medium (1% yeast extract, 2% galactose). Chloramphenicol was added to a final concentration of 4 mg/ml to the growth medium. Cells were harvested in the early stationary phase. Mitochondria were isolated from protoplasts prepared by the use of Zymolase (Kirin Brewery, Takasaki, Japan) and 2-mercaptoethanol, and mtRNA was isolated from purified mitochondria as described earlier (10) . 32 Preparation of P-pulse-labeled mtRNA: Cells grown in medium as described above (+ 4 mg/ml CAP) were harvested, washed with water and preincubated for 20 minutes at 23°C in low-phosphate 32 medium as described by Rubin (14) . Carrier-free P (200 mCi/mmol, orthophosphate, Amersham) was added to a final concentration of 500
;iCi/100 ml. The mtRNA was extracted as described above and separated from mtDNA by precipitation with 2M LiCl.
Gel electrophoresis of mtRNA: Aliquots of 2-3 ;ig RNA were separated by electrophoreais on 1.5% agarose slab gels containing 5 mM methyl mercury hydroxide for 3-4 hours at room temperature with an 32 applied voltage of 160 V (15) . For autoradiographes of P-labeled mtRNA each gel track was loaded with 10. 000 cpm (Cerenkov counting).
S-values of transcripts and their corresponding sizes in bases were determined by calibration with 15S mitochondrial rRNA (1600 bases) and 21S mitochondrial rRNA (3200 bases) (16, 17) . 32 RNA immobilization and hybridization with P-labeled mtDNA:
Preparation of diazobenzyloxy methyl paper and gels for RNA transfer, prehybridization and hybridization were carried out as described by 32 Alwine et al. (18) with minor modifications (8) .
P-labeled mtDNA from rho clone dD22 which covers the entire COB region was used as COBspecific probe for hybridization.
Identification of mitochondrial translation products: Strain 777-3A was mated to a rho strain derived from KL 14-4A. Diploid cells were grown in 5 ml 1% yeast extract + 2% galactose; 15 hours prior to cell 35 harvest CAP was added to different concentrations. Labeling with SO, (50 Ci/mg, Amersham) in the presence of cycloheximide and preparation of mitochondria were carried out as described by Haid et al. (19) with the modification of CAP being present during the labeling procedure.
Mitochondrial proteins were analysed by electrophoresis on sodium dodecyl sulfate slab gels containing 12% polyacrylanaide. Gels were dried and autoradiographed as described (19) . by CAP, whereas excision of II (10S RNA) is not affected: In all tracks (Fig. 2, lanes b.-g. ) a strong signal for this RNA is detectable. Obviously excision of II is independent of mitochondrial protein synthesis.
RESULTS
CAP-treatment for 6 and 8 generations leads to the total absence of the COB messenger (Fig. 2, lanes f_ and g ) . Removal of the drug from CAP-grown cells four hours prior to cell harvest shows that inhibition of processing is reversible: An impressive signal for 18S RNA can be seen (Fig. 2, lane a versus lane g ) . Evidence for the effect described above was also obtained with transcripts of OXI 3, the split gene coding for subunit I of cytochrome oxidase (data not shown).
Further information on the effect of translation inhibition on RNA processing comes from the study of two other strains: RNA-maturation in strain KL 14-4A which is resistent to CAP by a mutational alteration within the gene for 21S mitochondri'al rHNA (4) is not affected by treatment with CAP (Fig. 3 ). Its transcript pattern shows a strong signal for 18S apocytochrome b RNA. Thus, the cap mutation releases both translation and RNA processing from CAP inhibition; a possible interrelation between these two processes in mitochondria will be discussed below.
Inhibition of processing by CAP is also observed with strain D273-10B which lacks II, 12 and 13 ('short genome') in the COB gene (Fig. 3) .
The major transcript detected by hybridization is a 23S RNA which still contains 14 besides the exons.
In the experiments described above we observe relative concentrations of total COB-RNA, comprising RNA newly made in the period of CAP-treatment and preexisting RNA. In order to study the fate of mitochondrial transcripts made at various times after CAP addition, nucleic 32 acids of wild type cells were pulse-labeled in vivo with PO. . RNA was extracted from carefully washed mitochondria and separated by electrophoresis; labeled RNA was made visible by autoradiography. ) and D273-10B ('short gene', cap 8 ). Electrophoresis and hybridization were performed as described in Materials and Methods. A ^^P-mtDNA probe covering COB sequences E1-I3 was used. Left and right lanes: Cells were grown in presence of CAP (4mg/ml) for 5 generations. * : mtDNA.
Results are presented in Fig. 4 which shows a pattern of total mtRNA typical for cells grown under normal conditions. 21S rRNA and 15.5S RNA represent the two major components. The latter is not identical with the strong band for the small rRNA (15S) in the ethidium bromide stained gel (not shown), but is slightly above this species. We assume that 15. 5S RNA constitutes the 15S rRNA precursor as reported by Levens et al. (21) .
In Pig. 4 , track a, which shows total mtRNA from cells grown under normal conditions (without CAP) labeled pre-RNAs are not detectable. In contrast, mtRNA from CAP-inhibited cells (tracks 2-8) shows distinct bands varying from 32S to 43S which are assumed to be precursors of the split genes COB and OXI 3. Evidence for 32S, 34S and 36S RNA being COB precursors comes from the comparison with CAP-treated 32 mtRNA hybridized with P-COB-mtDNA (Fig. 4, lane 9) and by cali-•«-is cotr Fig. 4 . Electrophoresis of 32p_p U i se -l a beled mtRNA. mtRNA of wild type 777-3A was pulse-labeled in vivo as described in Materials and Methods, separated by electrophoresis and autoradiographed (lanes 1-8) . Lanes 1-3: Total mitochondrial nucleic acids. Lanes 4-8: mtRNA after precipitation from total nucleic acids by LiCl. Lane 9: Autoradiograph from CAP-treated mtRNA hybridized with 32p-cOB mtDNA (cf. Fig. 2 ). Lanes 10-11: Ethldium bromide stained gel showing mtRNA of cob" mutants from II and 12, which accumulate 34S a,nd 32S COB transcripts, respectively. Arrows indicate precursors of COB mRNA (32S, 34S and 36S) and mitochondrial rRNAs (21S and 15S). #: Presumable precursors of the OXI 3 mRNA. bration of gels with co-electrophoresed mtRNA from II and 12 mutants which accumulate 34S and 32S RNA, respectively (Fig. 4, lanes 10 and   11) . Effects of CAP-treatment can be observed even after an incubation period of 30 minutes (Fig. 4, lane 2) . As compared to prolonged CAPtreatment this short time of incubation suffices to obtain the maximal effect of splicing inhibtion. The length difference between 34S and 32S (Fig.4) indicates the excision of II (10S RNA); this processing step obviously does not depend on mitochondrial translation (cf. 11). Another splicing step (36S-*-34S) is also not affected by CAP. Based on hybridization studies and length determinations we assume that bands for 40S and 43S RNA shown in Fig.4 (jjc) 
